.-Acute hypertension rapidly decreases proximal tubule (PT) Na ϩ reabsorption, facilitated by a redistribution of PT Na ϩ /H ϩ exchangers (NHE3) out of the apical brush border, increasing NaCl at the macula densa, the signal for autoregulation of renal blood flow and GFR. This study aimed to determine whether NHE3 activity per transporter decreases during acute hypertension and the time dependence of the response. Blood pressure was elevated by 50-60 mmHg in male Sprague-Dawley rats for 5 or 30 min by constricting arteries. Renal cortical membranes were fractionated by density gradient centrifugation. NHE3 transport activity was assayed as the rate of appearance of acridine orange (AO) from AO-loaded vesicles in response to an inwardly directed Na ϩ gradient. After 5-min hypertension, 20% of total NHE3 protein, assayed by immunoblot, redistributed from low-density apical membranes to middensity membranes enriched in intermicrovillar cleft markers; by 30 min, a similar percentage shifted to heavier density membranes containing markers of endosomes. NHE3 activity shifted to higher density membranes along with NHE3 protein, that is, no change in activity/transporter during acute hypertension. Confocal analysis of NHE3 distribution also verified removal from apical microvilli and appearance in subapical vesicles. We conclude that the decrease in renal PT Na ϩ transport during acute hypertension is mediated by removal of transport-competent NHE3 from the apical brush border to subapical and internal reserves.
kidney; acridine orange; tubuloglomerular feedback; sodium transport; blood pressure; sodium-hydrogen exchanger TUBULOGLOMERULAR FEEDBACK (TGF)-driven autoregulation of renal blood flow (RBF) and glomerular filtration rate (GFR) during a rise in blood pressure is initiated by an increase in NaCl delivery to the macula densa. This ionic error signal leads to a cascade of events culminating in increased afferent arteriolar resistance to normalize RBF and GFR and pressure diuresis (5) . The increase in NaCl delivery is the consequence of a rapid inhibition of proximal tubule Na ϩ reabsorption during acute hypertension (9, 33) . We have focused on determining the molecular events that connect a change in blood pressure to the error signal that drives TGF. Active sodium reabsorption across the proximal tubule is mediated by apical entry of Na ϩ , primarily via NHE3, and basolateral extrusion via sodium pumps (Na,K-ATPase). Our initial studies demonstrated that 5-to 30-min acute hypertension provoked a rapid redistribution of Na ϩ /H ϩ exchanger (NHE3) and Na ϩ /P i cotransporter (NaPi), along with megalin and dipeptidyl-peptidase IV (DPPIV), out of the peripheral brush border to the intermicrovillar cleft region and subapical endosomes as well as inhibition of basolateral Na,K-ATPase activity (21, 30, 32, 33) . We observed a similar internalization of NHE3 and NaPi and inhibition of Na,K-ATPase in renal cortex after in vivo treatment with PTH and showed that the apical transporter redistribution, but not the Na,K-ATPase inhibition, was dependent on generation of cAMP/protein kinase A (PKA) (34) .
The present study aimed to determine whether there were other key cellular mechanisms contributing to the decrease in proximal tubule sodium transport during acute hypertension. Three general mechanisms could explain a rapid inhibition of sodium transport during acute hypertension: 1) modification of sodium transporters or their regulatory proteins, as illustrated by the ability of NHERF to inhibit NHE3 activity after cAMP elevation in reconstituted systems and cultured cells (27) ; 2) removal of sodium transporters from the plasma membrane to intracellular stores, as illustrated by the effect of acute hypertension on NHE3 (30, 32, 33) or the effect of protein kinase C (PKC) stimulation on Na,K-ATPase (8); and 3) degradation of transporters illustrated by the in vivo effects of high dietary P i or parathryroid hormone (PTH) treatment on apical NaPi in the proximal tubule (19) . In this study, we addressed these possibilities by determining the time dependency of the internalization response during acute hypertension and testing whether there was an accompanying decrease in Na ϩ /H ϩ exchanger activity per transporter, that is, whether NHE3 removed from the apical microvilli was inactivated, and by determining whether there was increased degradation of NHE3 during induced hypertension. The results indicate that during hypertension there is rapid removal of transport-competent NHE3 from the apical membrane in a two-stage process and that there is no evidence for increased degradation.
EXPERIMENTAL PROCEDURES
Animal preparation. Experiments were performed on male Sprague-Dawley rats (300-350 g body wt) that had free access to food and water before the experiment. Rats were anesthetized intramuscularly with ketamine (Fort Dodge Laboratories) and xylazine (Miles; 1:1, vol/vol) and then placed on a thermostatically controlled warming table to maintain body temperature at 37°C. A polyethylene catheter was placed into the carotid artery to monitor blood pressure. The jugular vein was cannulated to infuse 4.0% BSA in 0.9% NaCl at 50 l/min throughout the entire experimental period to maintain euvolemia. The ureter was cannulated to collect urine. Mean arterial pressure was increased 50-60 mmHg over basal level by constricting the superior mesenteric artery, celiac artery, and abdominal aorta below the renal artery by tying the silk ligatures around the vessels, as reported previously (32) . Three groups of rats (n ϭ 4 each) were compared: 1) control sham operated, 2) 5-min acute systolic hypertension and 3) 30-min acute systolic hypertension.
Homogenization and subcellular fractionation. The procedure for subcellular fractionation of the renal cortex membranes has been described in detail previously (32, 33) . In brief, kidneys were cooled in situ by flushing with cold PBS and then excised. The renal cortices were rapidly dissected and homogenized in 5% sorbitol, 0.5 mM disodium EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 9 g/ml aprotinin, and 5 mM histidine-imidazole buffer, pH 7.5, with a Tissuemizer (Tekmar Instruments) for 10 min at a thyristor setting of 45; they were then centrifuged at 2,000 g for 10 min, the pellet was homogenized and centrifuged again, and the low-speed supernatants (S o) were pooled, loaded at the interface between two hyperbolic sorbitol gradients (ranging between 35 and 70% sorbitol), and centrifuged in a swinging bucket rotor (100,000 g for 5 h). Twelve fractions were collected from the top, diluted with isolation buffer, pelleted by centrifugation (250,000 g for 1.5 h), resuspended in 1 ml of isolation buffer, and stored at Ϫ80°C, pending assays. Na ϩ /H ϩ exchanger transport activity measurements. Na ϩ /H ϩ exchange activity was measured as reappearance of acridine orange (AO) from loaded vesicles as illustrated in Fig. 1 . AO is a weak base (pK ϭ 10.45), with characteristic spectra (excitation ϭ 493 nm and emission ϭ 520 nm), and can be used to monitor changes in transmembrane pH (⌬pH) (25, 29) . Transport activity was assessed in either vesicles made from the total membrane S o fraction or membranes collected from the density gradient. Membranes were diluted into 6 ml of loading solution [(in mM) 150 Na-gluconate, 100 K-gluconate, 1 Mg-gluconate and 10 Tris-HEPES, pH 7.0], pelleted at 250,000 g for 60 min, and resuspended into a small volume of loading solution. The protein concentration was measured (20) and adjusted to 25 mg/ml for S o membranes and 10 mg/ml for membranes from the density gradient. The vesicular suspensions were incubated at 25°C for 2 h before assay. A 10-l aliquot of membrane suspension was added to a cuvette containing 2 ml of 6 M AO reaction medium (in mM) 150 N-methylglucamine gluconate (NMGgluconate), 100 K-gluconate, 1 Mg-gluconate and 10 Tris-HEPES, pH 7.0] in the presence of 1 M valinomycin, and immediately mixed with a cuvette mixer. The change in fluorescence was monitored with a Perkin-Elmer LS5 spectrofluorometer. The amount of AO trapped as AOH in the vesicles, where the signal is quenched, is a function of the H ϩ influx via the Na ϩ /H ϩ exchanger (Fig. 1A, left) . After 1 min, Na-gluconate was added to the cuvette to a final concentration of 25 mM, which created an inward-directed Na ϩ gradient to drive H ϩ efflux via the Na ϩ /H ϩ exchanger, which also drove the intravesicular conversion of AOH to AO and AO efflux or reappearance into external buffer (Fig. 1A, right) . The rate of Na ϩ /H ϩ exchange was calculated from the slope of the initial 2.5-s recovery of AO fluorescence in external buffer, expressed in arbitrary fluorescence units per second per milligram protein (Fig. 1B) . Quadruplicate measurements of the initial rate of AO fluorescence recovery were made for each sample. Preliminary experiments determined the linear range for protein addition (not shown).
Immunoblot analysis and antibodies. To determine the time dependence of NHE3 redistribution, a constant volume of sample from each gradient fraction was assayed. In the assays of NHE3 activity per transporter, a constant amount of gradient fraction protein, rather than volume, was assayed. In both cases, samples were denatured in SDS-PAGE sample buffer for 30 min at 37°C, resolved on 7.5% SDSpolyacrylmide gels according to Laemmli (18) and transferred to polyvinylidene difluoride membranes (Millipore Immobilon-P). Blots were probed with either polyclonal anti-rat NHE3 L546, generously provided by Dr. M. Knepper (National Institutes of Health) (14) , or an analogous polyclonal NHE3-C00 made in this laboratory, both used at 1:1,000 dilution. In one study, we compared antibody detection using L546 with detection using the antibody we have employed in our previous studies: monoclonal antibody 2B9 generously provided by Dr. D. Biemesderfer (Yale University) (2, 32, 34) . All blots were detected with an enhanced chemiluminescence kit (Amersham Pharmacia Biotech), and autoradiographic signals were quantified with a Bio-Rad imaging densitometer with Molecular Analyst software. Selected samples on each blot were run at one-half the volume or protein to ensure that the sample was in the linear range of detection, and multiple exposures of autoradiograms were analyzed to ensure that signals were within the linear range of the film. Additional antibodies used to characterize membrane populations included polyclonal antisera to dipeptidyl-aminopeptidase IV (DPPIV) and megalin provided by Dr. M. Farquhar (University of California at San Diego), and rab 5a obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Indirect immunofluorescence. Kidneys from rats with or without acute hypertension challenge were fixed in situ by placing the isolated kidney in a small Plexiglas cup and bathing it in fixative (2% paraformaldehyde, 75 mM lysine, and 10 mM Na-periodate, pH 7.4; PLP) for 20 min. The kidneys were then removed and cut in half on a midsagittal plane and postfixed in PLP for another 4-6 h. The fixed tissue was rinsed twice with PBS, cryoprotected by incubation overnight in 30% sucrose in PBS, embedded in TissueTek OCT Compound (Sakura Finetek, Torrance, CA) and frozen in liquid nitrogen. Cryosections (5 M) were cut using a Microm Heidelgerg ultramicrotome, transferred to Fisher Superfrost Plus-charged glass slides, and air dried. For immunofluorescence labeling, the sections were rehydrated in PBS for 10 min, followed by washing with 50 mM NH 4Cl in PBS for 10 min, then with 1% SDS in PBS for 4 min for antigen retrieval (6) . SDS was removed by two 5-min washes in PBS; then sections were blocked with 1% BSA in PBS to reduce background. Double labeling was performed by incubating with polyclonal antiserum NHE3-C00 and monoclonal antibody against villin (Immunotech, Chicago, IL), both at a dilution of 1:100 in 1% BSA in PBS for 1.5 h at room temperature. After 5-min washes three times in PBS, the sections were incubated with a mixture of FITC-conjugated goat anti-rabbit and Alexa 568-conjugated goat anti-mouse secondary antibodies (Accurate Chemical & Scientific, Westbury, NY) diluted 1:100 in 1% BSA in PBS for 1 h, washed three times with PBS, mounted in Prolong Antifade (Molecular Probes, Eugene, OR), and dried overnight at room temperature. Slides were viewed using a Nikon PCM Quantitative Measuring High-Performance Confocal System equipped with filters for both FITC and tetramethyl rhodamine isothiocyanate fluorescence attached to a Nikon TE300 Quantum upright microscope. Images were acquired with Simple PCI C-imaging hardware and quantitative measuring software and processed with Adobe Photoshop 5.0 (Adobe Systems, Mountain View, CA).
RESULTS
Characteristics of subcellular membrane pools. Subcellular fractionation of total membranes from whole cortex was conducted to recover 100% of NHE3. Therefore, all cell membranes are resolved in the sorbitol gradient. Characteristics of the 12 fractions collected from the sorbitol density gradients have been reported previously (32, 33) . In this study, we simplified the analysis by pooling the gradient fractions into three "windows" on the basis of the previously reported distribution of subcellular membrane markers (32, 33) . We focus on NHE3 regulation and redistribution in this study and thus on the distribution of markers useful to describe the NHE3 trafficking pathways. 6-8; window III, fractions 9-11. The windows were analyzed for membrane markers by enzymatic assay or Western blot: alkaline phosphatase, an apical membrane marker; ␤-hexosaminidase, a lysosomal/endosomal marker; megalin, an intermicrovillar cleft marker; dipeptidyl peptidase IV (DPPIV), an apical membrane marker at 105 kDa; and rab 5a, an endosomal protein at 27 kDa.
6-8, contains most of the intermicrovillar cleft marker megalin [gp330, also found in microvilli and subapical endosomes (3)]and the apical markers alkaline phosphatase, DPPIV, and NHE3 (Fig. 5 ). Window III (WIII), from fractions 9-11, is enriched in the endosomal marker rab 5a (7) and the lysosomal marker ␤-hexosaminidase. These marker assays confirm the following membrane assignment: WI contains apical membranes, WII contains a mixed pool of apical and intermicrovillar cleft membranes, and WIII contains endosomal and lysosomal pools. From previous work from our laboratory (32-34), we know that WI also contains Na,K-ATPase-enriched basolateral membranes, but these membranes do not impact the NHE3 distribution or measurement of activity.
Antibody-specific detection of NHE3. NHE is the major route for apical sodium entry across the proximal tubule, and NHE3 is responsible for virtually all the Na ϩ /H ϩ exchange activity in this region (1, 4) . Our previous studies establishing that acute hypertension provokes a rapid redistribution of NHE3 immunoreactivity from lower-to higher-density membranes used two different NHE3 antibodies with slightly different results (32, 33) . A polyclonal directed to the rat NHE3 sequence amino acids 687-696 detected a shift out of WI into WIII (33); this reagent is no longer available. A monoclonal raised to the COOH-terminal 131 amino acids of rabbit NHE3 (2B9) detected a shift out of WI primarily into WII (not WIII) (32) . In the present study, we reexamined NHE3 distribution in this gradient with a polyclonal antiserum made to the COOH-terminal 21 amino acids of rat NHE3 (L546) and compared the results to those with 2B9. Figure 3A shows representative NHE3 immunoblots, and Fig. 3B summaries from sets of control and 30-min hypertension-exposed animals probed in parallel with 2B9 or L546. L546 detects a greater fraction of NHE3 in fractions 4 and 8 at baseline than 2B9. After 30-min hypertension, ϳ25% of the NHE3 is seen to shift out of WI with either 2B9 or L546, but with L546 a greater fraction moves into WIII. These results demonstrate that NHE3 detection is dependent on the antibody used, even under denaturing conditions: both antibodies detect NHE3 in apical brush border and intermicrovillar clefts and detect the shift out of WI during hypertension, but L546 detects NHE3 in WIII, enriched in endosomes. Distribution of NHE3 with these two antibodies has been assessed by immunocytochemistry under nondenaturing conditions with a similar conclusion: L546 was better at detecting NHE3 in intermicrovillar cleft and subapical pools than 2B9, which stains the villi (2) .
Physiological responses. Figure 4 summarizes the effects of constricting arteries for 5 or 30 min on blood pressure, urine output, and endogenous lithium clearance (C Li ). Arterial pressure increased immediately by 50-60 mmHg above control level and was maintained for 30 min. Urine output increased 9.23 Ϯ 0.7-fold after 5 min, and the diuresis was maintained during 30-min hypertension. C Li ϩ, a measure of the volume flow out of the proximal tubule (28) , increased about fivefold after 5 min and tended to fall to about threefold over control after 30-min hypertension. The magnitude of the increase in blood pressure imposed is within the reported autoregulatory range for GFR and RBF (9, 10); however, we have recently measured (using FITC-inulin clearance) a transient increase, then normalization, of GFR over the first 15 min, which could contribute to this fall in C Li ϩ (not shown). The elevation of urine output and endogenous lithium clearance during 30-min hypertension indicates that the signals driving the Na ϩ transporter response persist during this time period.
Time dependence of NHE3 redistribution. On the basis of the results with L546, we generated another polyclonal antiserum, NHE3-C00, to the same peptide sequence and found it detected NHE3 in gradient fractions Ϯ acute hypertension with the same patterns as L546 (not shown); NHE3-C00 was used for the time course analysis and for immunocytochemistry. To determine the relationship between duration of acute hypertension and the magnitude of redistribution of apical NHE3, immunoblots of renal cortical fractions from control and 5-and 30-min hypertension protocols were probed with NHE3-C00. Figure 5A shows representative immunoblots, and Fig. 5B summarizes NHE3 redistribution in the three gradient windows, expressed as the percentage of the total. In controls, WI (enriched in apical membranes) contains 37 Ϯ 4.15% of total NHE3 immunoreactivity. After 5-min acute hypertension, WI NHE3 is reduced from 37 Ϯ 4.2 to 17 Ϯ 7.9%, and after 30-min hypertension to 7.0 Ϯ 1.8% of total NHE3. WII (apical and intermicrovillar cleft markers) increases from 54 Ϯ 3.2 NHE3 to 73 Ϯ 5.9 then to 72 Ϯ 2.2% after 5-and 30-min hypertension, respectively. WIII (endosomal and lysosomal markers) contains 9 Ϯ 1.1% NHE3 in controls, is unchanged after 5 min (10 Ϯ 2.6%), then increases to 22 Ϯ 3.8% after 30-min hypertension. The results are consistent with a two-step process of internalization during hypertension; that is, NHE3 rapidly migrates from the apical brush border to the intermicrovillar cleft and perhaps dense apical tubules and subsequently, after 5 min, is transferred to endosome and/or lysosome pools.
Immunocytochemistry evidence for NHE3 internalization during acute hypertension. Confocal immunofluorescence analysis of NHE3 redistribution in response to acute hypertension was conducted in tandem with subcellular fractionation analysis. The purpose was to establish whether NHE3 was present in subapical pools after acute hypertension. Double labeling was performed on cryosections harvested from control and hypertension-challenged kidneys. NHE3-C00/FITC-conjugated goat anti-rabbit secondary antibody was used to image NHE3, and monoclonal anti-villin/Alexa 568-conjugated goat anti-mouse secondary antibody was used to image villin, the actin-bundling protein found in the microvilli. We did not fix the kidneys by perfusing them with fixative because our experimental purpose was to maintain a defined perfusion pressure, the variable under study in this project. After 5-min acute hypertension (or a control 5-min period), kidneys were fixed in situ, as described in EXPERIMENTAL PROCEDURES, for another 20 min while baseline or elevated blood pressure was recorded. Thus the experimental time point is between 5 and 25 min. In control rats, the staining of NHE3 is restricted to the brush border, as evidenced by colocalization with staining for villin ( moves out of the apical brush-border microvilli, leaving the tops of the villi stained red with the anti-villin; NHE3 is detected in the intermicrovillar cleft region, where it coincides with villin ( Fig. 6 , bottom, yellow stain, arrowhead); and NHE3 appears in subapical vesicles, where it does not overlay villin (Fig. 6 bottom, green stain, arrow). These results provide visual correlation with the fractionation data demonstrating that the shift of NHE3 to heavier density fractions indicates a spatial redistribution out of the microvilli to intermicrovillar membranes and intracellular membranes.
Effect of acute hypertension on NHE3 activity. Although we demonstrated that acute hypertension provokes redistribution of proximal tubule NHE3 out of the apical microvilli to membranes with higher densities located below the microvilli, it is possible that this is not the key mechanism to inhibit proximal tubule Na ϩ reabsorption. It is possible that internalization occurs secondarily or subsequent to inhibition of NHE3 transport activity. We next aimed to determine whether there was an accompanying inhibition of NHE3 activity/ transporter during acute hypertension.
To establish that H ϩ transport by the Na ϩ /H ϩ exchangers can be measured by rates of quenching and reappearance of AO, the sensitivity of Na ϩ -dependent AO quenching to the NHE inhibitor amiloride was examined in the total S o membranes. Na ϩ /H ϩ exchange activity was measured by the initial rate of AO recovery in response to an inwardly directed Na ϩ gradient expressed as fluorescence units per second per milligram protein.
Ten microliters (250 g) S o membrane vesicles, loaded as described in EXPERIMENTAL PROCEDURES, were assayed as in Fig. 1. Figure 7 shows that the magnitude of AO quenching and recovery decreases as the amiloride concentration increases, with an apparent I 50 of 100 M in agreement with the published sensitivity of renal NHE3 (24) . Na ϩ /H ϩ exchanger activity/protein was first measured in total renal cortex S o membrane vesicles from Fig. 6 . Indirect immunofluorescence microscopy of NHE3 redistribution. NHE3 was detected in the proximal tubule in kidneys exposed to 25-min acute hypertension or paired sham treatment with in situ fixation with 2% paraformaldehyde, 75 mM lysine, and 10 mM Na-periodate during the last 20 min. Typical proximal tubules are shown from control (top) and acutely hypertensive (bottom) rats. Sections were doubly labeled with polyclonal anti-rabbit NHE3-C00 antibody, then FITC-conjugated anti-rabbit secondary antibody, and with monoclonal anti-villin antibody, then Alexa 568-conjugated anti-mouse secondary antibody. NHE3 staining is green (arrows), villin staining is red, and overlapping NHE3 and villin appears in yellow (arrowhead). Bar, 7 m.
Fig. 7. Amiloride sensitivity of Na
ϩ /H ϩ exchanger activity. A: total cortex membrane vesicles were preloaded as described in Fig. 1 and then added to AO containing external buffer lacking Na ϩ and containing the indicated concentrations of amiloride. Na ϩ /H ϩ exchanger activity is expressed as the initial rate of AO fluorescence recovery after Na ϩ addition. B: data in A plotted as %inhibition vs. log of amiloride concentration. I50 was obtained from intercept of dashed vertical line. fluor., Fluorescence; prot., protein. Values are means Ϯ SE; n ϭ 3 independent samples. control and 30-min-hypertension-treated rats. Figure  8A shows that 30-min acute hypertension did not decrease total Na ϩ /H ϩ exchanger activity in cortex membranes. Figure 8B shows that there was no change in NHE3 abundance when 5 and 10 g of protein of the same samples were probed by immunoblot. These results indicate that the decrease in proximal tubule Na ϩ transport after 30-min acute hypertension is not due to an inhibition of NHE3 activity or to a decrease in NHE3 protein pool size.
The constant Na ϩ /H ϩ exchanger activity/NHE3 protein in S o membranes during acute hypertension (Fig.  8) predicts that the shift in NHE3 protein from WI to WII and WIII (Figs. 3 and 5) will be paralleled by a shift in Na ϩ /H ϩ exchanger transport activity from WI to WII and WIII. Na ϩ /H ϩ exchanger activity and NHE3 protein levels were assayed in the same samples in controls and after 30-min hypertension and normalized to constant protein. Figure 9A demonstrates that there is a parallel shift in Na ϩ /H ϩ exchanger activity: WIspecific activity decreased 68%, whereas WII activity increased 68% and WIII activity increased 153%. These changes paralleled the redistribution of NHE3 protein (Fig. 9B) . Representative NHE3 immunoblots of samples from control (C) and acute hypertension (1BP) are included. Na ϩ /H ϩ exchanger activity/NHE3 transporter for each sample is summarized in Fig. 9C . The results demonstrate that there is no detectable inhibition of Na ϩ /H ϩ exchanger activity during acute hypertension. The appearance of Na ϩ /H ϩ exchanger activity along with the NHE3 isoform indicates that the transport activity measured can be attributed to the NHE3 isoform. From these results, we conclude that the re- ϩ /H ϩ exchange activity and abundance in fractionated cortical membranes. A: Na ϩ /H ϩ exchange activity was measured as the initial rate of AO recovery in 100-g protein samples from the 3 membrane windows from control rats or those after 30-min hypertension. The amount of protein added was established to be in the linear range (not shown). B: NHE3 abundance was measured by immunoblot of a defined amount of protein from the 3 windows probed with polyclonal anti-NHE3 L546 antibody. NHE3 signals were quantitated by scanning densitometry and normalized to the amount of protein loaded. Representative immunoblots from control (C) and hypertension gradients (1BP) are shown. C: NHE3 activity/ transporter was calculated by dividing the exchanger activity/protein by the NHE3 immunoreactivity signal/protein for each sample. Values are means Ϯ SE; n ϭ 4 rats/group. *P Ͻ 0.05 vs. corresponding control window by paired Student's t-test. duction in proximal tubule sodium transport during acute hypertension involves the trafficking of transport-competent Na ϩ /H ϩ exchangers from apical membranes to subapical and endosomal/lysosomal membrane pools without inactivation.
DISCUSSION
This study provides three new findings concerning the molecular mechanisms responsible for inhibition of proximal tubule salt and water reabsorption during acute hypertension. First, NHE3 activity measured in response to in vivo acute hypertension, normalized to the NHE3 protein by quantitative immunoblot, did not decrease, providing evidence for redistribution of transport-competent NHE3 (Figs. 8 and 9 ). Second, improved confocal pictures provide clear evidence for retraction of NHE3 from the tops of the brush border and its appearance in subapical vesicles during acute hypertension (Fig. 6) . Third, the time course study provides evidence for a two-step route for redistribution of NHE3 in response to acute hypertension: at 5 min, NHE3 leaves WI, enriched in apical brush-border markers, and moves to WII, enriched in the marker for intermicrovillar cleft and dense apical tubules found under the microvilli; then, at 30 min, the same percentage of NHE3 that left WI appears in WIII, enriched in the endosomal/lysosomal markers ␤-hexosaminidase and rab 5a. This redistribution coincides with increases in urine output and lithium clearance at 5 min of hypertension, evidence of decreased proximal sodium reabsorption. (Figs. 4 and 5) . In addition, this study presents the characteristics of a new anti-NHE3 antibody that is better able to detect NHE3 in subapical and endosomal vesicles than other antibodies (Figs.  3 and 6) .
The change in volume flow out of the proximal tubule during acute hypertension was estimated in this study from endogenous lithium clearance, which increased fivefold at 5 min and then fell to threefold over control at 30 min. Lithium clearance is a noninvasive measure of volume flow out of the proximal tubule determined by both the filtration rate (GFR) and the proximal reabsorption rate. In contrast, Chou and Marsh (9, 10) measured a progressive increase in volume flow from the proximal tubule (measured by videomicroscopy) of 18% as early as 1.5-2 min, which increased to 1.5-fold over baseline after 30 min of raising blood pressure 30-50 mmHg. The protocol in the present study may give a more rapid response of greater magnitude because blood pressure was increased 20-30 mmHg higher than in the Chou and Marsh studies. This higher blood pressure could lead to two differences: 1) provide a bigger "signal" to inhibit proximal tubule Na ϩ reabsorption (which was the motivation to raise the blood pressure further) and 2) increase GFR. We didn't measure GFR in this study but we have done this routinely now and observed a transient increase during acute hypertension that returns to baseline within 15-20 min (not shown). The decrease in C Li ϩ over this time course shown in Fig. 4 supports a transient in GFR; C Li ϩ remains at threefold over control at 20-30 min, probably reflecting the inhibition of proximal reabsorption with a minimal increase in GFR. This magnitude is similar to what this laboratory has reported in related studies, and similar to what is observed when a carbonic anhydrase inhibitor is administered (32) (33) (34) . Simlarly, using the same acute hypertension protocol used in our study, Yip et al. (31) recently measured NHE3 activity in situ as change in intracellular pH over time, measured noninvasively on the surface of the kidney, and found that apical membrane Na ϩ /H ϩ exchanger activity was reduced to 0.59 Ϯ 0.08 of baseline after 10 min of hypertension and remained at 0.48 Ϯ 0.11 of baseline after 20 min of hypertension. That is, like the present study, the study by Yip et al. did not measure a significant progressive inhibition between 10 and 20 min, but a rapid and persistent decrease in Na ϩ transport. These real time measurements of proximal tubule function cannot discriminate between removal of transport competent sodium transporters or inhibition of sodium transporters resident in the apical membrane. Our time course studies are enlightening in this regard as they demonstrate rapid removal of most of the NHE3 from the apical enriched membranes found in WI after only 5 min of acute hypertension, which persists through 30-min hypertension (Figs. 4 and 5) . These results complement the in vitro study of Kurashima et al. (17) on the effect of phosphatidylinositol 3-kinase inhibition on NHE3 activity in NHE3-transfected Chinese hamster ovary cells. Most of the decrease in transport, loss of NHE3 from the cell surface, and accumulation of endocytic NHE3 occurred between 15 and 30 min after inhibition of phosphatidylinositol 3-kinase, which prevented the recycling and reinsertion of NHE3 back to the cell surface. Yip et al. (30) , using confocal microscopy, provided evidence that NHE3 is moved out of the microvilli during acute hypertension. However, because the proximal tubule has a rich array of vesicles immediately under the apical membrane, also referred to as dense apical tubules (DAT), it was difficult to discern internalization into endosomes vs. localization to the intermicrovillar clefts. To improve definition of the villi vs. subvilli membranes, we double labeled with NHE3 (FITC)-and villin (Alexa 568)-tagged antibodies. The results indicated that acute hypertension provokes a shift of NHE3 out of the microvilli, leaving red villin stain in the villi, to the intermicrovillar cleft region, where NHE3 colocalizes with villin (yellow stain), and the distinct appearance of NHE3 below the villi in subapical endosomes (green stain). These results agree with our previous fractionation study, which showed that villin distribution does not change during hypertension whereas NHE3 moves to the higher density regions coinciding with endosomal markers. Receptor internalization in the proximal tubule also occurs by a two-step process: using electron microscopy, Nielsen (23) demonstrated that insulin receptors first migrate laterally from the microvilli to the intermicrovillar cleft region and are then internalized into endocytotic vacuoles and dense apical tubules.
There is extensive literature examining acute regulation of NHE3 activity in the proximal tubule by a variety of hormones including angiotensin II, endothelin, insulin, dopamine, and PTH (reviewed in Ref. 22) . In reconstituted liposomes where trafficking is not a possibility, there is evidence for cAMP/PKA-mediated inhibition of Na ϩ /H ϩ exchanger activity (27) . In addition, we provided evidence that cAMP/PKA can mediate the removal of NHE3 from the plasma membrane: PTH (1-34), which couples to adenylate cyclase, decreases proximal tubule sodium reabsorption, and provokes NHE3 internalization whereas PTH (3-34), which does not couple to adenylate cyclase, does neither (34) . These studies suggested the possibility that acute hypertension causes an inhibition of Na ϩ /H ϩ exchanger activity followed by a retraction of NHE3 to the intermicrovillar cleft and then to the endosomes. We examined the hypothesis by measuring activity in total membranes isolated rapidly from pressure-challenged kidneys and in membranes fractionated to separate apical, intermicrovillar cleft, and endosomal enriched membranes. Because our previous studies demonstrated that enzymatic changes in basolateral Na,KATPase and apical alkaline phosphatase activity during acute hypertension persist through membrane fractionation (32, 33) , we expected that changes in NHE3 activity resulting from covalent modification to persist as well. Na ϩ /H ϩ exchanger transport activity was measured with an AO quenching technique. Although fluorescence-quenching techniques applied in living cells are usually considered as semiquantitative (16), we optimized the method for quantitation: 1) established a linear range for membrane protein addition vs. initial rate of AO fluorescence recovery at 6 M AO and Ͻ250 g of added protein for total membranes and 100 g for membrane fractions; and 2) established that the concentration of amiloride that inhibited exchanger activity 50% (I 50 ) was 100 M, as reported for NHE3, which is much lower than that for NHE1 and NHE2, where I 50 Ϸ 3 M (11, 24). In fact, there was no discernable decrease in Na ϩ /H ϩ exchanger activity with 5 M amiloride, indicating that NHE3 is the predominant Na ϩ /H ϩ exchanger in the renal cortex, as we have previously established at the mRNA level (1) . H ϩ -ATPase in the membrane vesicles does not contribute to the Na ϩ -dependent pH change measured in the assay because H-ATPase activity is Na ϩ independent, and no ATP was added to the assay. Also critical for quantitation, immunoblots were established to be in the linear range for membrane protein addition vs. autoradiographic density of NHE3 within each window, necessary for calculation of transport activity/ transport protein.
The assay of Na ϩ /H ϩ exchanger activity/NHE3 protein in total membranes indicated both no change in total pool size of NHE3 and no change in activity per transporter. The assays in fractionated membranes revealed that the decrease in exchanger activity in apical membranes (WI) can be accounted for by NHE3 removal, that the increase in activity in intermicrovillar cleft and endosomes (WII and WIII) can be accounted for by NHE3 addition to these higher density membranes and that these redistributed exchangers are as active as those measured in control apical membranes. We conclude that the decrease in Na ϩ transport during acute hypertension does not involve the inhibition or degradation of transporter but internalization of NHE3 from brush border to subapical stores.
In another study comparing changes in NHE3 activity and abundance in proximal tubule brush-border vesicles, Moe and colleagues (13) gave a bolus of PTH to parathyroidectomized rats and measured a 14% fall in transport activity at as early as 30 min, which preceded a statistically significant 33% disappearance of NHE3 protein from the brush-border membranes 4 h after PTH administration. The authors conclude that NHE3 activity is rapidly decreased before NHE3 is internalized at 4 h. Because these are small changes, another plausible interpretation is that there was a gradual internalization of NHE3 protein that paralleled the decrease in activity but it couldn't be statistically established that the pH-driven 22 
Na
ϩ flux measurement of NHE3 transport activity can detect smaller changes than the enhanced chemiluminesence-based antibody-antigen measurement of NHE3 protein. Specifically, these investigators focused on comparing loss of activity to the loss of NHE3 protein from a brushborder fraction: at 2 h after PTH administration, they report a 28% decrease in activity and a 12% (nonsignificant) decrease in NHE3 protein, which translates into a 16% decrease in activity/transport in the apical membranes, and by 4 h all of the change in activity can be accounted for by a loss of NHE3 protein. The advantage of the approach used in our present study was that we analyzed total membranes where we could compare loss of NHE3 activity and transport from the apical pool to gain of NHE3 activity and transport in intramicrovillar and endosomal membranes. Na ϩ /H ϩ exchangers have been previously detected in intracellular vesicles in the proximal tubule, and their activity has been assessed with mixed results. Sabolic and Brown (26) detected Na ϩ /H ϩ exchange activity, sensitive to intravesicular amiloride, in vesicles from rat renal cortex using AO quenching, and D'Souza et al. (12) detected NHE3 accumulation and transport activity in recycling endosomes in exchanger-deficient activator protein (AP)-1 cells transfected with NHE3. In contrast, Biemesderfer et al. (2) fractionated rabbit renal brush border and concluded that NHE3 exists in two oligomeric states: an active 9.6-S form present in brush-border microvilli prepared by divalent cation precipitation and an inactive 21-S megalin-associated NHE3 in dense vesicles containing markers of the intermicrovillar cleft collected from OptiPrep density gradients. Can we reconcile these findings with those in this present study? There are clear differences between the brush-border (active) vs. OptiPrep (inactive) membrane preparations assayed in the Biemesderfer study, and both are different from the membranes assayed in this study, where total membranes are all resolved on the same sorbitol gradient into apical, intermicrovillar cleft, and endosomal membrane pools and assayed in parallel. One possible interpretation is that NHE3 exchanger activity is transiently inactivated during NHE3 internalization when NHE3 moves to the cleft and associates with megalin, followed by reactivation of NHE3 as it entered in the subapical vesicles and endosomes. However, because Na ϩ /H ϩ exchanger activity/NHE3 protein was not different between WI and WII in controls or after 30-min hypertension, a corollary to this interpretation would be that there is only a very small fraction of megalinassociated inactivated NHE3 in WII. Another line of investigation suggests that NHE3 is not only active during internalization but that activity is critical to the early phase of apical endocytosis. In a proximal tubule cell line, Gekle and colleagues (15) demonstrated that NHE3 inhibition rapidly blocks internalization of prebound albumin and attenuated degradation of internalized albumin without changing general protein degradation or internalization of transferrin from the basolateral membrane.
The present study shows that sodium transport can be rapidly decreased in the proximal tubule by retracting active NHE3 from the apical membrane. We previously established that redistribution of NHE3 is a reversible response: when blood pressure is restored to basal levels after acute hypertension, NHE3 returns to its original distribution pattern in the sorbitol gradient, and sodium transport in the proximal tubule is restored (32) . There would be physiological advantages to maintaining NHE3 activity during the internalization that accompanies acute hypertension: NHE3 activity could contribute to both endocytosis and endosomal acidification, and transporters would be active when returned to the apical membrane after blood pressure is restored.
